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SUMMARY 


The object of this experiment was to investigate the 
extent of the mixing region of a pulsating air jet at varying 
frequencies in a steady secondary air flow. This was accom- 
plished by making a velocity survey of the region. The study 
was made under isothermal conditions at three different fre- 
quencies. 

The results of this investigetion show that the 
pulsating flow mixes more rapidly and has a shorter potential 
core than the steady flow jet of the same configuration, 
Mixing is the eet and the potential core is shortest for the 
pulsating flow at resonant frequency. Decay of the pulsetion 
amplitudes along the centerline is linear. Decay of the pul- 
setion amplitudes laterally is non-linear. The normalized 
velocity profiles of the pulsating jet downstream from the 
potential core conform closely to the probability curve. 

This test was conducted in the Main Engines Lebora- 
tory of the Mechanical Engineering Department at the Univer- 
sity of Minnesota, Minneapolis, Minnesota,in partial ful- 
fillment of the requirements for the degree of Master of 


Science, 
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INTRODUCTION 


Statement of the Problem: 

lany studies, both analytical and experimental, 
have been mace concerning the mixing in fluid streams. The 
greater majority of these investigations have been limited 
to free jets and steady flow conditions. 

Prandtl's mathematical analysis (1) of mixing 
length for turbulent flow in free jets as applied by Tollmein 
(2) along with Taylor's theory (3) have a great utility in 
studying various types of fluid jet problems. These analyses 
do not offer a — explanation of the problen. 

Squire and Trouncer (4) have assumed a cosine pro- 
file for the normalized velocity end concentration profiles 
downstream of the potentiel core. Forstall and Shapiro (5) 
have deduced several simple empirical formulae for the mixing 
length downstream of the potential core. ‘The University of 
Illinois (6) has concluded that the data of free turbulence 
can be well correlated by probability functions and applied 
Reichart's Hypothesis to the problem of mixing length. 

Little experimental or analytical work hes been 
done in the case of non-stationary flow in which pulsations, 


either random or regular, exist. The fundamental equations 








of fluid motion may be written but remain unsolved since 
pressure, velocity and tempereture are in a continual state 
of rapid random fluctuations. It is therefore necessary 
thet experimental analyses be made which might introduce 
techniques to aid in analytical treatment of the problem. 

There is a tremendous need for design data con- 
cerning the mixing conditions of fuel vapor and air. Con- 
sideration has been given to turbulent mixing in free jets 
end also to jets issuing into ducts. In ectvel conditions, 
such as pulsejets, turbojets, ramjets, and combustion chan- 
bers, pulsations, both regular and random, do occur. Burton 
(8) hes Wiest Tea0e0 a very low frequency (250cpm) pulsating 
jet. In this investigation close agreement was found of 
the pulsating flow with the steady flow empirical formulae 
as deduced by Forstall and Shepiro (5). 

Godsey and Young (7) state that in gas turbine 
combustion chambers the most crucial frequencies are in the 
6000 cps, 250 to 600 cps, and 25 to 60 cps regions. It hes 
also been found that the critical frequencies in the pulse- 
jet are in the 40 to 300 cps region. This frequency varies 
with the size of the pulsejet. In ramjets severe pressure 
and vibrational fluctuations are encountered because of the 


unsteady nature of the combustion. 
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Thus, as a second step to that of Forstall and 
Shapiro (5) it is necessary to introduce pulsations into 
the flow before the study of actual combustion is intro- 
duced, 

It is the purpose of this investigation to show 
the extent of the mixing region of a pulsating air jet at 


varying frequencies in a steady secondary air flow. 


Method of Approach: 

Basically the approach to this investigation is 
experimental in nature. The axial velocity field is plotted 
from dynamic pressure obtained by making a survey of the mix- 
ing region using a total head tube and static pressure tap. 

A method of measuring varying dynamic pressures 
is the Statham Low Range Pressure Transducer. The particu- 
lar model available for this experiment had a natural free 
cuency of 750 cps. The Strain Anelyzer and Brush Recorder 
units record dynamic pressures up to 100 cps, and direction 
es well as magnitude of the measured pressure can be read 
from the chart. 

According to Prandtl (1) and Tollmein (2) the static 
pressure is constant across the jet within small limits. 


Therefore, a static pressure tap was located in the side of 
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the test section and used for all points within the flow for 
each perticular lateral traverse. 

From the deta obtained a comparison of the mixing 
region of a pulsating jet at varying frequencies, including 
resonant frecuency, mey be made with the mixing region of a 


steady jet. 
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TEST EQUIPMENT 


Generel Description: 

A schematic diagram of the test equipment is shown 
in Figure 1, Figures 1a, 1b, ic, id, le are photographs of 
the various component parts of the equipment used. 

The epparatus consisted of two separate air supply 
systems capable of furnishing air to the primary and secondery 
air flow lines. The primary air flow was obtained from the 
compressed air line of the building. This system has a ca- 
pacity of 30 cubic feet at a pressure of 100 p.s.i. The 
primary air flow into the test apparatus wes manually con-= 
trolled by e two inch gate valve. From the gate valve the 
air passed through a surge tank (24' x 7'), to a 2" standard 
galvanized pipe which contained a standard A.S.M.E. souare 
edged orifice with "radius" taps as described in (10) for the 
measurement of the mass rate of flow and a thermocouple up- 
stream of the measuring orifice to measure temperature. The 
primary air flow was then led into another surge tank (21! x 
7") and then into a 2" pipe to a rotating type butterfly valve 
which served as a source of pulsations. From here the air 
was smoothly reduced to a one inch inside diameter brass tube 


and ejected into the test section as a free jet. The cylindrical 
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surge tanks separated the butterfly valve fron the measuring 
orifice to prevent pulsations from traveling upstream to af- 
fect the accuracy of the measuring orifice. 

The source of secondary air was a gasoline powered 
Lycoming Model 0-435-T air cooled Army tank engine, rated 
at 162 h.p. at 2800 r.p.m. which drove a centrifugal compres- 
sor, The compressor was a 7.48: 1 gear ratio supercharger 
taken from an Allison V-1710 aircraft engine. The speed of 
the blower was controlled by throttling the tank engine. The 
air from the compressor was led to a 6" I.D. smooth black 
iron pipe, through a measuring orifice as described in (10) 
into a 22" x 35" steel drum which served as a plenum chamber. 
This plenum chamber surrounded the primary air flow line, 
From the plenum chamber the secondary air passed into a sauare 
bell with an entrance dimension of 11" x 11" and tapered 
smoothly to the 6 3/16" square test section. Thus, the se- 
condary air flowed smoothly into the test section and was 
concentric to the primary air flow. An 18 mesh wire screen 
was also placed 14" upstream of the flow into the test section 
to attempt to get small scale turbulence having the same pro- 
pverties in all directions at the test section entrance. A 
thermocouple was installed in the secondary air line upstream 


of the orifice to measure temperature of the secondary air. 














- ee - 


—- oF ee en ee) 
ee AON, LE Ret cee A camille 
Otte. et i) > eee coe 
Ea — were 
ee oe 
A gS aI 4 
—a © Comme! 20.9 © ae tet ot oe 

















S08 rm wm © tle hee eet oe 
hs. oe a ee Hs orn, 
oe ee ee 
he RE cee PEER Oe 

on ae) OO te Oe ene ee) Gow 
ee ee et ehere ecm Graces 

a ete Fes Ga td eee Gee tee ee 
me mec A my SF ll I IW 8 CYR 
ee Set © ed ee tee WL eee cat cee 

















——_— Oe ee fee ee ee de oe 

are ee tee ee ed Lh rea © ke od te bd ee 
RE Lt en ce nem 4m eee 
ee ee Se cet teu 04 ct See fa 30 





The test section was an 84" long square (6 3/16" x 
6 3/16") duct made of 20 gage sheet metal. One side of the 
duct was made to slide in sections (14"), The section with 
the total head tube and static orifice was 4" wide. Thus, 
this section could be placed in any position along the test 
duct longitudinelly, The downstream end of the duct was open 
to the etmosphere. A nichrome wire was centered in the test 
section such that a circuit was completed when the total head 
tube touched it. This established a reference point for cen- 
terline values and the start of leteral traverses, 

The total head tube and static pressure orifices 
were connected to a Statham Low Range Pressure Transducer, 
Model P6-4D-2100 whose natural freauency was 750 c.p.s. The 
gage was in turn connected to a Strain Analyzer, Model 51-310, 
which led to one side of a double pen brush recorder, Model 
Bi-202, 

The breaker points mounted on the drive shaft of 
the pulsator were led to e brush recorder amplifier, Model 
B1i-905, which in turn indicated on the other side of the dou- 


ble pen brush recorder, Model Bi-202. 


Fulsator: 


A 2" diameter disc type butterfly valve rotating 
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in the primary air flow pipe provided the source of pulsations. 
When the valve was in the closed position the 2" pipe was com- 
pletely closed, thus the air flow was varied from zero to 
maximum. The butterfly valve was driven by e direct drive 
shaft. This shaft had a standard multiple pulley sheave mounted 
which was driven through a system of two 6" variable speed 
pulleys. The variable speed pulley system was driven through 
a standard multiple pulley sheave which was attacned to the 
shaft of a + hp, 110 volt, 1750 r.p.m., A C electric motor. 
Thus, a wide range of frequencies could be obtained for the 
pulsation of the primary sir flow. <A strobotac was used to 
attain and accurately maintain the desired pulsating freauency. 
An: eccentric :cam was mounted on the pulsator drive 
shaft which operated a set of breaker points. The breaker 
points were set to open with the valve in the fully closed 
position.. In this manner a reference point for valve position 


was obtained on the brush recorder data. 


Instrumentation: 

A Kiel type total head tube was used to measure 
total pressure. The venturi shield surrounding the tube tip 
to insure flow normal to the tube opening was .375" O.D. , 


The tube opening was .0625" 0,D. and the length of the shaft 
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to the Statham Low Range Pressure Transducer was 9 inches long 
with an 0.D. of .185". The Kiel tube was mounted in the 4" 
sliding section of the test duct through a leak proof pecking 
gland, The 4" sliding section also contained a 1/8 inch 
diameter static orifice, 

Water filled manometers were used to measure the 
differential pressures across the square edged measuring ori- 
fices in the 2" and 6" flow lines. Upstream static pressures 
were measured with mercury filled manometers. The pressure 
taps from the orifices were located in accordance with A.S.H.E, 
stendards for "radius" taps, (10), the upstream tap being 
located 1 diameter from the upstreem face of the orifice and 
the downstream tap 4 winndiraiites from the downstream face of the 
orifice. The static pressure holes were +" diameter, free 
of burrs with slightly rounded edges. The orifices were 
machined to an I.D. of 1.008" and 4.002" for the 2" primary 
end 6" secondary lines respectively. 

Temperatures of the orifices were measured by iron- 
constantan thermocouples inserted in the flow upstream of the 
orifices in accordance with A.S.M.E. standards. Temperature 


readings were made on a Brown potentiometer. 
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TEST PROCEDURE 


It was necessary to make a static calibration of 
the Statham Low Range Pressure Transducer using the Strain 
Analyzer and Brush Recorder instruments. After allowing 
the instruments time to fully warm up a series of known sta- 
tic pressures were applied to the Statham gage and the deflec- 
tion read on the Brush Recorder. The scale factor on the 
Strain Analyzer was also varied from 200 to 50 micro inches 
per line to obtain the desired range of pressures, Csalibra- 
tion of the Statham pressure gage is shown in Fig. 2. This 
calibration was used to reduce all data obtained, 

All the instrumentation was assembled and checked 
for leakage and accuracy. fFrior to starting e run the tank 
engine was allowed to warm up as were the Strain Analyzer and 
breaker point amplifier unit. Zero points were recorded on 
the Brush Recorder for the various scale settings. 

The tank engine which supplied the secondary air 
flow, was brought up to the desired speed to obtain a velo- 
city of 80 feet per second in the test section. Then the 
pulsstor unit was turned on and checked with the Strobotac 
et the desired frequency setting. Now the primary air flow 


was brought to the desired level which was a velocity of 
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about 160 feet per second at the exit of the 1" brass tube 
in the test duct. 

Brush recorder date was then taken of the various 
traverses of the total head tube. Lateral traverses were 
made at a series of stations commencing at the nozzle exit 
and continued to a distance of 72 nozzle diameters downstream. 
These leteral traverses commenced with the total head tube 
on the centerline of the nozzle and continued to a distance 
of about 2.0" from the centerline. 

This type of run was made with the pulsator opera- 
ting at three frequencies: 1700 r.p.m., 1968 r.p.m., and 
2200 r.p.m. The frequency of 1968 r.p.m. was the resonant 
freaouency of the system eas found experimentally. A plot of 
the resonant freouency determination is shown in Fig. 3. 

A steedy flow run was also made with the pulsator 
cut off and the butterfly valve secured in the full open 
position. This wes made for comparison with the pulseting 
runs. The same velocity ratio was held on ell the runs. 
Temperetures and pressures were continually checked on ell 


runs. 
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AWALYSIS OF RESULTS 


General; 

A total of four different runs were made at the 
same velocity ratio as follows: (1) Steady Stete; (2) Re- 
sonant Frequency---1968 r.p.m.; (3) 2200 r.p.m.; and (4) 
1700 r.p.m. The data obtained is listed in Tables I to IV 
inclusive. 

All data obtained from the recording instrumentea- 
tion was in the form of dynemic pressure (1bs./in.*). This 
was converted to velocity (ft./sec.) as shown in the section 
on Sample Calculations. In plotting the deta the nozzle exit 
is taken as the origin of coordinates. The distance along the 
nozzle centerline is denoted by Xe positive downstream , in 
nozzle diemeters, Leteral distance from the nozzle center- 
line is denoted by Y/D. Thus, the station at the nozzle exit 
is X/D= O; and the boundary of the nozzle is y/D SR 5 

The resonant frequency of the system was found to be 
1968 r.p.m. It was necessary to find this experimentally 
since the system was between the type which has one end open 
and one end closed end the type which has both ends open. 
Calculation provided a starting point for the search of re- 


sonent frequency determination. Fig. 3 shows a plot of the 
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resonent frequency determination. This is not a sharp 
resonant peak, but one of a demped characteristic. 

4 butterfly valve provided the source of pulse— 
tions in the primary air flow. The primary flow varied fron 
zero to maximum and had a shepe similar to that of a har- 
monic wave. 

If flow reversals occurred the total head tube 
would not heave been suitable to use. At no time did the 
dynamic pressure eoproach zero on the recording instrumen- 


tation, thus, the possibility of flow reversal was discounted, 


Steady Flow: 

It was desired to compere the mixing region charac- 
teristics of the type of flow actually ettained with those 
defined by previous investigetions. Forstall end Sheviro (5) 
have presented several empirical relations for isothermal 
jet flows similar in nature to this experiment. The following 
ere their conclusions: 

(1) "The fully normalized shapes of the velocity 
and concentration profiles ere substantially elike,. 

(2) The fully normalized shapes of the profiles 
are substantially independant of velocity ratio and of axial 


distence, 
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(3) Beyond the end of the potential core, center- 
line values of velocity and concentration decrease in inverse 
proportion to increase in axial distance," 

The following empirical relations are based on their 
experimental data: 

(1) X/D value for the end of the potentiel core: 

L=4+12xX 
(2) Velocity decay downstream of the potential 


core, (X/D >L). 





Fig. 4 is a plot showing the experimental and theo- 
retical results. Excellent egreement was obtained with the 
empirical rate of velocity decay, This is indicated by es- 
sentially a 1:1 slope of the logerithmic plots. The end of 
the potential core, "L", is found by the intersection of the 
streight line velocity plots. Using the empiricel formula 
en L = 9.85 is obtained. This egrees almost exactly with 
thet plotted experimentally. 

Normalized velocity profiles are shown in Fig, 9 
for the X/D = 11 end X/D = 18 position. This was done by 


The values of Phy ore ob— 


plotting -Us vs, ast 


c S 
tained from Fig, 12 which is a plot of Y/D versus velocity 


for the particular X/D position, When fully normalized in 
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this manner, #11 profiles downstream of the potential core 
are almost identical for the steady flow case. These pro- 
files have a close resemblance to the cosine curve as found by 
Souire and Trouncer (4). For direct comparison e cosine curve 


of the form _U_-Us = cae + costrr) is shown. Good agree- 


Ue me Us 2 ermy 


ment is seen except near the edge of the jet where experimental 
accuracy in determining U - U, is not good. 

Therefore, with the good agreement from the compari- 
sons with previous acceptable investigations it wes thought 
that the eccuracy of measurement and overell experimental ac- 
curacy of the test apparatus was sufficient to continue with 


the pulsating flows. 


Pulsating Flow: 

The fundamental concern of this investigation was 
the mixing of e pulsating air jet et varying frequencies ina 
steady eir flow. Three frequencies, resonant (1968 r.p.m.), 
one above resonance (2200 r.p.m.), and one below resonance 
(1700 r.p.m.), were used. 

Fig. 5 is a plot of the centerline values of the 
mean velocity for the pulsating flow at 1968 r.p.m. versus 
the X/D position. It is seen from the comparison with the 


empirical steedy state formula that the potential core is 
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shortened considerably. The slope of the velocity decay 
line also differs from the steady state. 

A plot of the centerline values of the mean velo- 
city for the pulsating flow at 1700 r.p.m. and 2200 r.p.m. 
versus X/D position is given in Fig. 6. Here it may be seen 
that the potential core is shortened, but not as much as 
that in the resonant frequency case. The slopes of the ve- 
locity decay line ere approximately the seme as that of the 
resonant frequency run. 

The following is a table to enable a better com-— 
parison for the pulsating runs with the theoreticel steady 


state case: 


L Slope 
Steady State (Theor.) 9.89 L/x/, 
1968 r.p.m. Gnd L/(x/p)1.1 
1700 r.p.m, 8.8 L/(y/py1.t 
2200 r.p.n. 8.0 L/ (x fpyt.t 


For the steady flow case velocity decay downstream 


of the potential core (X/D>L) is 


v -U. _ 4 
U,-U, xp 


— 
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This empirical formule for the pulsating flow for 


sll frequencies eppears to be 


UUs - 


| aig 
Up-Us (7D) 





From the above comparisons it is shown that pulsa- 
tions shorten the potential core and give fester mixing. 
Resonent frequency gives the shortest potential core end 
best mixing. 

Plots were also made of the centerline values of 
the amplitude velocities where the amplitude velocity is the 
velocity fluctuation computed from the meximum and minimum 
values of q, versus x/D as shown in Fig. 7 and Fig. 8. The 
emplitude velocities are expressed in dimensionless form 


of wom - U, . From these plots it appears that the cen- 
a - Ug 


terline amplitudes are linear with viscous damping. The slope 
of the resonant freauency run is less than thet of the 1700 
r.p.m, and 2200 r.p.m. runs. Using Fig. 7 the equation 


Vax - Us _ 47-082 X/D 


= for the resonant freauency. 


The plot, Fig. 8, for 1700 r.p.m. and 2200 r.p.m. gives a 
common slope for both frequencies and the equation 
Vax - Us _ ,7- O51 X/D 


U, - Us 
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These are the equations for the decay of centerline amplitude 
velocities in this particular test apparatus. Decay of the 
resonant frequency run wes not as fast as that of the 1700 
r.p.m. and 2200 r.p.m. runs. 

An attempt was made to do the same with the laterel 
traverses as was done above with the centerline amplitude 
velocities. However, these plots were non linear in forn. 
This non linearity probably is caused by the mixing phenomena 
of the pulsating primary flow and the steady secondary flow. 

The data snows a definite phase shift for center- 
line values of X/D. There also appears to be a phase shift 
in the lateral treverses made. However, due to insufficient 
time this phase shift was not recorded. The data also shows 
that the peek velocity through the butterfly valve did not 
occur at the full open position. The peak velocity occurred 
about 10° to 15° from the fully closed position, Apparently 
here the dynemic pressure was at its highest level. 


Again the profiles were made dimensionless and 


U -Uzs 
a7 5 
sulting profile shapes for the pulsating frequencies were 


normalized by plotting versus r/r The re- 


mv ° 
compared with the cosine curve, three-halves power curve, 
and error curve. The curve having the closest resemblence 


of the above three was that of the error curves. According 
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to Reichart's Hypothesis (6) data of free turbulence can 
be correlated by probability functions. Thus, since the 
pulsating flows investigeted in this experiment are closely 
epproximated by the error curve an attempt was made to find 
the curve which followed the trend of points best. A curve 
of the form U -Ug, : Bl (= yet was found to be 
U, - Ue 24 Fav 
the one best fitted. This curve is plotted in Figs. 10 and 
11,and egein it is observed that the points seem to spread 
near the base of the profile. The experimental accuracy in 
determining (U - U,) at the edge of the jet is not too good. 
The regions which offer the larger pressure differentials 
give better results than those near the edge of the jet where 
pressure differentiels are smaller. 


It is to be noted that the r value reverses 


mv 
direction between different X/D stations for each of the four 
runs made. The r,, value is defined as that radius where the 
velocity is the arithmetic average of its value on the center- 
line and in the secondary stream for the particuler X/D ste- 
tion. For the steady state run the r,, value reverses be- 
tween X/D = 24 and X/D = 36. For the pulsating flows the rmy 
velue reverses direction as follows: 


Resonant frecuency (1968 r.p.m.) --X/D= 15 and 
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1700 rep.mi==3K/D = 12 ands 3/De= 


2200 r.p.m.-~--X/D 18 and X/D = 24 


Twice the rpy value defines the radius of the 
outer edge of the velocity profile. The outer edge of the 
velocity profile never reaches the sides of the test duct. 

For the pulsating flows the r,, value reverses 
direction further downstream as the pulsating frequency in- 
creases. The cause for this was not ascertained although 
it is thought that phase shift might be a contributing factor. 

Points at which the centerline flow might be con- 
sidered mixed to various degrees are shown in the following 
table, These values ere obtained from Figs. 4, 5, and 6. 


The percent mixing is based on [R= Us piso. where 
Up - U 
p 


U-Us is the actual velocity gradient which exists at a 
particular point and Up - Ug, is the meximum velocity gre- 
dient which can exist. Thus, the mixing is complete when 


the frection U - Ug, reduces to zero, 


Up - Us 
50% 75% 90% 
Steady Flow yee 1  s7 #&«4»90 
Resonant Frequency ¥/D= 10.8 (19 42 
(1968 r.p.m.) 
1700 r.p.m. X/D= 15.5 29 66 


2200 r.p.m. x/D 13 24 54 
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From the above table it is shown that pulseting 
flow mixes more rapidly then steady flow. It is also seen 
that at resonant frequency the mixing is accomplished in 


about one half the distance required by steady flow. 
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CONCLUSIONS AND RECOMMENDATIONS 


1. The velocity mixing region of an isothermel 
pulsating jet is much shorter than that of a steady flow jet 


of the seme configuration at the same velocity ratio. 


2. FPulsations at the resonant frequency of the 
test epparatus gives the shortest potentiel core and the 
best mixing characteristics. At frequencies ebove and below 
resonence the potential core is shorter than the steedy flow 


case and the mixing is better. 


5. The centerline velocity, downstream of the 
potential core, decays in direct proportion to(x/D)t+4 for 


the pulsating flows. 


4, The decay of the centerline amplitude veloci- 
ties appears linear with viscous damping. The decay of the 
resonent frequency run is not as fest as that of the runs 


above end below resonance. For the resonant run 


Vax - Us e g- 082K/D is the ecuation of the decey. 


Us, ee 
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The equation for the decay above and below resonance is 


Vax - Us . ,-.051 X/D 


. Decay of the lateral traverses for 
Va - Us 


all pulsating runs was non-linear. 


5. The normalized velocity profiles downstream of 
the potential core are essentially of the same shape, irre- 
spective of the X/D position. They closely resemble the 
probability curve more so than the cosine or three halves 


power curve. A curve of the form U -Us _ BG 2.4 
5} pil 


ToT Us [BIS 


fits the points well. 


6, Good agreement was obteined with the findings 
of Forstall end Shapiro for the steady flow case. The loce- 
tion of the potentiel core is closely defined by the empirical 
relation L = 4+ 12A. The centerline velocity, downstream 
of the potential core, decays in direct proportion to X/D. 
The normalized velocity profiles closely resemble a cosine 


curve. 


7, The centerline flow was considered 90% mixed 
et X/D positions of 90 for steady flow, 42 for resonant 


frequency, 66 for 1700 r.p.m., and 54 for 2200 r.p.m. There 
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was 75% mixing at X/D positions of 37 for steedy flow, 19 
for resonant frequency, <9 for 1700 r.p.m., and 24 for 2200 


r.p.m. 


8. With respect to the test aoparatus, it is re- 
commended that a surge tank be placed in the secondary air 
line. Small amplitude pulsations were noted on the record- 
ing data which were traced to the blower operated by the 


tank engine. 


9. Further investigations of this neture are re- 
commended to find the effects of phase shift, pulsation form 
and velocity ratio upon the mixing region of e pulsating jet. 
Fhase shift is apparent and readable to a low desree of ec- 
curacy on the data obtained. It is thought that photosraphs 


of an oscilloscope screen might provide readable data. 
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FORMULAS AND SAMPLE CALCULATIONS 


1. <Air Flow Measurement and Calculation 
The eouetion used to find mass flow was; 


ply 
W = 0,688 Az Key aa 
(see Ref, 10) 


2. Calculation of Reynolds Number 


Up = poe 


Al 


3. Freouency Computations 
The natural frequency of the tube with one end 
closed is computed from 
f= a 
4L 


The natural frequency of the tube with both 


ends open is computed from 


4, Celculetion of velocity 


p= FR 


where p = 2116 lbs./ft? 
R= 1715 ft?/sec? oR 
T = 565° R 


2116 lbs. /ft? J 
= eo! r 0021 sane : 
f 1715 ft-/sec“°R) (565°R = 218 slugs/f 


A. —" 
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= 2 


Gee apy? 
where r = ,00218 slugs/ft? 


q = Dynemic Fressure lbs./in.* 


Ve°= Some (2)( 144 in? are gq 1be./ ime) 
cz .00218 slugs/ft 


T° = #2 o> o ft 
sec” 


V= 363.5 Yq ft/sec. 
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NOMENCLATURE 


diameter of primary jet nozzle, inches. 

value of X/D for end of potential core. 

radial digteance from jet axis. 

dynamic pressure, psi. 

redius where velocity is arithmetic averaze of its 
value on the axis and in secondary stream, for a 
given X. 

time average velocity in axial direction. 
velocity on axis at a given X, 

velocity of primary stream at X = 0, 

velocity of undisturbed secondary stream. 


velocity of pulsation amplitudes on the axis at X = 0, 


velocity of pulsation amplitudes on the axis at a 
given xX, 


axial distance downstream from nozzle exit, inches. 
lateral distance from nozzle centerline, inches. 
velocity ratio, U,/Up. 

density 


viscosity 
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10 
it 
12 
AES) 
18 
24 
36 
48 
60 


72 


Up = 160ft/sec; Ug = 78 ft/sec; MD» 


Scale 
Factor 


100 


100 


100 


100 


100 


100 


100 


100 


100 


100 


50 


50 


50 


50 


50 


50 


oe 


TABLE I 


STEADY FLOW CENTERLINE VELOCITIES 


Deflection 
(mm. ) 


8.8 
ea 
Gai 
g.0 
8.5 
8.6 
7.3 
6.9 
6.3 
5.2 
8.3 
7.0 
6.3 
5.3 
5.4 


5.4 


q 


lbs/in.? 


.199 
205 
194 
200 
Fale} 
tet 
.162 
. 154 
. 140 
Bea Dalle 
Ov. 
091 
082 
069 
«070 


070 


U2 x 10° 
ft“ jeer 


20.8 
26.4 
20.0 
20.8 
24,5 
24.6 
20.9 
us) yete: 
18,10 
14,82 
13.8 
Lin 72 
10759 
8.90 
9,03 


9,03 


= ,487 

U 
ft/sec 
169.1 
162.0 
158.2 
160.5 
156.6 
15720 
144.5 
141.0 
134.8 
i2i9 
IT 
TOS aL 
103.0 
94.5 
955! 


9D. 1 


1,025 
pels) 


1,005 
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STEADY FLOW LATERAL TRAVERSE FOR X/D = 11 


33 


TABLE IT 


Up, = 160 ft/sec; Ue = 141 ft/sec; U, = 78 ft/sec; A = .487 


p= 
Scale 
Fector 
100 
100 
100 
100 
50 
50 
50 
50 
50 
50 
50 


50 


Deflection 
(m.m. ) 


6.9 
Cad 
6.3 
5.6 
cial 
7.8 
Cr) 


5.8 


Tnv 


\bs/in2 
. 154 
.150 
. 140 
ize 
103 
. 100 
095 
07S 
me. | 
069 
069 


068 


amo" 


u2 x 10° 
ft?/sec* 


19.88 
19.35 
18.05 
ie, 11 
14,60 
22890 
12,25 
O69 
9.15 
8.90 
8.90 


Cere 


U 
ft/sec 


141.0 
139,0 
124.5 
127.0 
121.0 
11500 
110.8 
961 
96.6 
94.5 
94.5 


93.5 


258 
475 
714 
.955 
1.13 
1.43 


1.99 


969 


.850 
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FULSATING FLOW CHEN 


TABLE III 


TERLINE MEAN AND AMPLITUDE VELOCITIES 


RESONANT FREQUENCY -—- 1968 r.p.m. 


sec; Us 


= 77.5 ft/sec; A = .49 


Factor (m.m.) (m. 0) lb/in? bin? 


Up = 158 ft/ 
Scale Vee Pa 
20eme 4.5 7,0 
200 4.1 9.5 
200 38 4,0 9.0 
200 =3.5 8.5 
200 Gre 8.0 
200 = 2.8 7.8 
200 2.5 7.0 
200 2.3 7.0 
200 2.15 6.5 
200 1.85 6.0 
200 WO Ae 
200 1.45 3.8 
100 2.6 bet 
100) B74 
50 4.0 
50 | 4.0 


. 195 
180 
Pete d2) 
153 
140 
2124 
. 108 
» 19 
093 
. 080 
075 
. 064 
087 
055 
051 


«052 


2477 
412 
390 
370 
548 
339 
. 504 
304 
274 
.260 
Ree) | 
. 166 


070 


Get meet 
ave tt/tec Uae Up -Us Uz -Us 
160 251 ae. Pe 
154.5 235 ~959 91 
152 eet -927 G60 
142.1 221 . 804 825 


136 214.5 «fet std 


128 212 -6285 .7ide 
119.5 200 ool . 706 
115 200 465 .706 


abel 19055 «416% .651 


103 185 <OLG ee. Ge 
99,5 159 274 47 
92 148 180 ,405 
Sa 96 ote. Or, 
85,2 . 096 
82.1 . 057 


G2 au 057 
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PULSATING FLOW LATERAL TRAVERSE FOR X/D = 11 


Up 


Scale 

Factor 
200 
200 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 


100 


me ere 


TABLE IV 


RESONANT FREQUENCY - 1968 r.p.m. 


Deflec- 
tron 
(m.nm. ) 
are) 
2025 


4,15 


A = .49; Lny = .48 


q 
lbs/in® 
~ 200 
097 
.092 
. 086 
. 080 
066 
055 
. 047 
045 
047 
. 045 
045 


045 


U 
ft/sec 
a tS 
113 
110 
10675 
102.6 

93.5 
G5. 
79.0 
(Miora 
88) 
weve 


77.2 


625 

833 

960 
1,25 
1266 


2.08 


= 158 ft/sec; Ug = 115 ft/sec; U, = 77.5 ft/sec 
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Fig. lea Engine, blower, and manifold, 
(The test set-up shown is not part of this experiment ) 


oy . 


mes me 
Fig. 1l-b Test duct and recording instrumentation, 








Fig. l-c Pulsator Unit 





Fig, l=d Controlling instrumentation, 








Fig. l-e Control panel for engine operation, 
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